Anthrax lethal toxin (LT) consists of two polypeptides. The protective antigen (PA) binds to cellular receptors and translocates lethal factor (LF) into the cytosol (12) . LT injection alone can induce the vascular collapse seen in anthrax (6, 14, 18, 25, 31) . Macrophages from a subset of inbred mice are uniquely sensitive to LT-induced rapid lysis (19, 53) , resulting in a characteristic cytokine response to the toxin (31, 32) that can contribute to higher sensitivity of some mouse strains (32) . However, the correlation between macrophage sensitivity and animal susceptibility to LT described in early studies (22, 57) does not hold for other LT-susceptible species (which have LT-resistant macrophages) or for mice such as the relatively LT-resistant C3H/HeJ mice (with LT-sensitive macrophages) (32) . Recent work has shown that additional genetic loci and numerous factors control LT susceptibility (29, 32) .
LF is a metalloproteinase that cleaves and inactivates members of the mitogen-activated protein kinase family (MEKs) (16, 35, 51) , but the consequences of MEK cleavage have not yet been linked with LT toxicity in cells or animals. LT also inhibits glucocorticoid receptor (GR) transactivation in a noncompetitive ligand-independent fashion (56) .
GR binds glucocorticoids (GCs), the functional effector endpoint of the hypothalamic-pituitary-adrenal (HPA) axis and important modulators of the immune system. Infection, toxic insults, inflammatory cytokines, and other stress stimuli activate the HPA axis and induce adrenal GC synthesis and release (21) (22) . GCs, in turn, provide negative feedback to shut down the HPA axis (15, 42, 45, 48, 54, 55) . At the molecular level, GCs bind to cytosolic GRs, which function as transcription factors after translocation to the nucleus (4, 7, 55) . GRs also function as transcriptional repressors by interfering with other transcription factors, such as NF-B and activator protein 1 (AP-1) (1, 24, 30) , and exert their anti-inflammatory actions. GCs and GR also play an important role in maintaining cardiovascular homeostasis and glucose metabolism. GR is critical for life, as evidenced by lethality of GR knockout mice (11) .
Strain differences in GC responsiveness are associated with susceptibility and resistance to inflammation in many species and inbred rodent strains (40, 41, 45) . Hyper-HPA axis and GC responsiveness have been associated with resistance to inflammatory disease, while a blunted HPA axis and GC response are associated with greater susceptibility to some autoimmune/ inflammatory diseases (8, 40, 41, 59) . BALB/c mice and Fischer rats are hyper-GC responsive and resistant to inflammatory disease compared to hypo-HPA-responsive C57BL/6 mice or Lewis rats (2, 3, 8, 37, 38, 40, 41, 59) . Interruption of the GC response by adrenalectomy (ADX) or with a GR antagonist (RU486) enhances the inflammatory responses through inhibition of GR-mediated cytokine gene repression and increases mortality in otherwise inflammation-resistant hosts. Increased susceptibility can usually be reversed by reintroduction of natural or synthetic corticosteroids (for a review, see reference 54).
Unlike the inverse relationship observed between HPA axis responsiveness and susceptibility to bacterial shock, hyper-HPA-responsive BALB/cJ mice and Fischer rats are sensitive to LT lethality (17, 31) , while hypo-HPA-responsive C57BL/6J and DBA/2J mice and Lewis rats are relatively resistant (32) . These correlations, along with the discovery that LT targets the RESULTS ADX mice are sensitized to LT toxicity. ADX greatly increased susceptibility of BALB/cJ (LT-susceptible), C57BL/6J (intermediate susceptibility to LT), and DBA/2J (LT-resistant) mice to a dose of 100 g LT (Fig. 1) .
LT repression of GR activity is similar in BALB/cJ, C57BL/ 6J, and DBA/2J mice. LT inhibits DEX-induced GR gene activation both in vitro and in vivo (56) , as seen by LT repression of DEX-induced TAT gene activity. BALB/cJ mice showed consistently higher basal and PBS-induced TAT activity than DBA/2J mice ( Fig. 2A) , resulting in an apparent severalfold-higher induction of GR-mediated gene expression in the DBA/2J mice than in the BALB/cJ mice (Fig. 2B) . The C57BL/6J mice showed a weaker response to DEX ( Fig. 2A  and B) . LT repression of DEX-induced TAT activity (comparison of DEX induction of TAT with and without LT) was similar for all strains (55 to 70%) (Fig. 2B) . These results indicate that although there are strain differences in GR responsiveness to DEX, strain differences in susceptibility to LT are not due to differences in LT repression of GR.
ADX does not alter macrophage sensitivity and cytokine response to LT in DBA/2J mice. BALB/cJ macrophages are highly LT sensitive, and mice show a transient induction of cytokines in response to toxin (31) , while C57BL/6J and DBA/2J have LT-resistant macrophages and have no cytokine response (31, 32) . The presence of LT-sensitive macrophages in C57BL/6J mice is sufficient to result in BALB/cJ-like susceptibility to LT challenge (32) . Therefore, we investigated the effect of ADX on macrophage viability and cytokine response in DBA/2J and ADX-DBA/2J mice. Although ADX rendered DBA/2J animals highly susceptible to toxin, ADX-DBA/2J macrophages remained LT resistant (Fig. 3A) and did not show the macrophage lysis-associated cytokine response previously described (32) (Fig. 3B to F) . Neither macrophage sensitivity nor cytokine production is responsible for the higher LT-associated mortality of ADX-DBA/2J mice.
LT-induced corticosterone levels differ between BALB/cJ and DBA/2J mice. Differential CORT responsiveness correlates with differential inflammatory responses in rodent strains (2, 3) . Comparison of CORT responses to LT showed that BALB/cJ mice had four-to fivefold-higher plasma CORT lev- http://iai.asm.org/ els than PBS-treated controls, while LT-treated DBA/2J mice showed no CORT induction above that in PBS controls (Fig. 4) . GR antagonist treatment sensitizes BALB/cJ but not DBA/2J mice to LT. To determine whether susceptibility of ADX mice was due to loss of endogenous GC response, we treated BALB/cJ or DBA/2J mice with the GR/progesterone antagonist RU486 prior to treatment with LT. Treatment of BALB/cJ mice with RU486 exacerbated toxicity and mortality in a manner similar that seen with ADX (data not shown). However, daily treatment of DBA/2J mice with RU486 (tested doses: 1.2, 4.0, 10, and 30 mg/kg) failed to sensitize DBA/2J mice to the lethal effects of LT beyond effects of vehicle alone (data not shown).
LT-resistant DBA/2J mice are sensitized to LT by toxin pretreatment. It is possible that RU486, a ligand-competitive GR antagonist, did not sensitize ADX-DBA/2J mice due to the lack of CORT induction by LT in these animals. A low dose of LT, a noncompetitive ligand-independent inhibitor of GR activity (56), was used to block GR activity, followed after 12 h or 24 h by a second normally nonlethal dose of LT. Previous studies have indicated that levels of available PA receptor in rats treated with presumed saturating doses of toxin have returned to normal by 24 h (33). A single 100-g LT dose is not lethal to DBA/2J mice (32); therefore, this dose was not exceeded in the combined treatments. Groups of mice were treated with either 25 g or 50 g of toxin, followed by 75 g or 50 g, respectively, at either 12 h or 24 h. The only treatment that resulted in 100% mortality in two independent experiments was the 25-g pretreatment with LT, followed by 75 g at 24 h (Fig. 5) . Approximately half the mice died with the 50-g pretreatment followed by 50 g at 24 h (Fig. 5) . In groups where the second toxin treatment was administered at 12 h, mortality was lower, possibly due to reduced numbers of PA receptors (33) . LT-mediated repression of GR activity at 25 g LT over a 24-h period was found to be at least as potent as the 100-g dose in inhibition of DEX-induced GR transactivation (Fig. 5, inset) . It is possible that this sensitization of DBA/2J mice by low-dose LT pretreatment occurs by mechanisms completely independent of GR repression. However, it is also possible that this sensitization represents events similar to those occurring in ADX-mediated sensitization.
GC treatment did not rescue ADX mice but sensitized intact DBA/2J and BALB/cJ mice to LT. Increased susceptibility to various insults in ADX animals can, in many cases, be reversed with GC replacement therapy (54) . Oral DEX treatment (300 g/ml, 100 g/ml, or 10 g/ml DEX in 0.9% saline) did not rescue ADX-DBA/2J from LT toxicity, but surprisingly, it sensitized adrenally intact DBA/2J mice to LT (Fig. 6A) . The i.p. delivery of DEX produced similar results (data not shown).
BALB/cJ mice have a large but transient cytokine response to LT which can contribute to toxicity (32) . We tested whether GC inhibition of this response could provide some protection from LT. Contrary to this prediction, oral DEX treatment exacerbated LT lethality in adrenally intact BALB/cJ mice, resulting in a more rapid appearance of malaise and subsequent mortality in a manner similar to that with ADX or with RU486 treatment of this strain (Fig. 6B) .
Oral aldosterone therapy does not rescue adrenalectomized mice from LT lethality. We tested whether the loss of the adrenal hormone ALDO, an important regulator of cardiovascular function (9, 20, 46) , affected LT susceptibility. ALDO replacement therapy, similarly to GC therapy, was not successful in rescuing sensitized ADX-DBA/2J mice from LT (data not shown). Treatment with a combination of ALDO and DEX also was not successful in rescuing ADX animals from LT (data not shown). Therefore, ALDO and GC therapy alone are not sufficient to reverse sensitization of ADX animals, and altering the basal levels of these hormones in intact, adrenally sufficient mice can increase susceptibility to LT lethality.
DISCUSSION
We report here that manipulation of GC levels in mice, through either ADX or DEX therapy, renders normally LTresistant mice susceptible to the lethal effects of this toxin. This is the first report showing reversal of LT resistance in the resistant DBA/2J strain.
We have previously shown that LT selectively represses GR transactivation through non-ligand-binding, noncompetitive
FIG. 2. LT-mediated repression of GR activity. (A)
Groups of agematched male mice were injected i.p. (1.0 ml) with LT (100 g) followed by i.p. injection of DEX (60 g/0.5 ml) after 40 min (DEX ϩ LT). Positive controls were injected i.p. (1.0 ml) with PBS followed by DEX injection after 40 min (DEX). Negative controls were either injected with PBS alone (PBS) or left untreated (NT). Livers were harvested from animals 5 h after DEX injection and assayed for the GR-regulated tyrosine aminotransferase (TAT) activity. Experiments were performed with three mice/treatment/strain, except for NT groups, which contained two mice/strain/experiment. Presented are the combined averages of three independent experiments with associated standard deviation (n ϭ 9 for each treatment, except for NT [n ϭ 6]). (B) The induction of TAT activity by DEX was calculated by comparing the fold induction of the PBS-pretreated and LT-pretreated groups which received DEX injections to that of the negative controls receiving only PBS injections. Presented are the combined averages of three independent experiments (n ϭ 3 for each treatment). mechanisms (56) . We postulated that if LT's repression of GR transactivation plays a role in LT-induced mortality, then interruptions of the GC response by other means (ADX or RU486) should enhance mortality in otherwise resistant strains (DBA/2J). Since LT repression of the GR occurs at a step downstream of ligand binding and is noncompetitive, we postulated that while GC treatment might reduce LT mortality in ADX animals, it would be unlikely to prevent mortality in the context of inactivated GR. Our findings in part support these hypotheses and in part are counter to them.
We found that ADX did render otherwise LT-resistant DBA/2J mice highly susceptible to LT mortality and also enhanced LT mortality in already susceptible BALB/cJ and C57BL/6J strains. However, there was no difference in LTmediated GR repression between strains, indicating that this inhibitory function did not appear to explain differential susceptibilities to toxin.
We also observed strain differences in CORT responsiveness to LT exposure, with susceptible BALB/cJ mice showing a high CORT response, while resistant DBA/2J animals showed no CORT response to toxin. In this context, LT appears to stimulate the HPA axis in BALB/cJ mice, as do other bacterial products (24, 30, 55) . Such strain differences in HPA axis responses are associated with differential susceptibilities to autoimmune/inflammatory diseases, with high CORT responses correlating to resistance (24, 30, 55) , often through the anti-inflammatory effects of GCs (10, 24, 36, 45, 54) .
In cases where mortality after exposure to infectious agents is related to proinflammatory host responses, interruption of the GC response with concomitant loss of GC anti-inflammatory effects renders otherwise hyper-GC-responsive resistant hosts susceptible to rapid mortality. Reconstitution of the HPA axis reverses this effect (40, 54) . However, inflammatory responses to LT are not a major determinant in LT lethality in mice (31, 32) . In fact, hyper-CORT-responsive BALB/cJ mice are LT sensitive, while hypo-CORT-responsive DBA/2J mice are resistant. Our findings that DEX treatment enhanced LT mortality in both BALB/cJ mice and DBA/2J mice support the idea that sensitivity to the lethal effects of LT may be associated with high GC levels.
BALB/cJ mice also have a rapid but transient cytokine response with a potent interleukin 1 beta release associated with LT treatment due to lysis of their LT-sensitive macrophages. This response is absent in C57BL/6J and DBA/2J mice (31, 32) . While not the cause of LT-induced mortality, this cytokine response can contribute to exacerbation of toxicity (31, 32) . This cytokine burst could trigger the high CORT induction seen in BALB/cJ mice, which in turn would lead to the subsequent observed rapid shutdown of the cytokine response (31, 32) . The observation that RU486 treatment, shutting down the GC response that would inhibit the cytokine responses, does in fact exacerbate LT mortality in high-CORT, high-cytokineresponsive BALB/cJ mice supports a role for cytokine release contributing to further LT toxicity in this strain. Additional Our finding that ADX in normally LT-resistant DBA/2J mice has no effect on macrophage sensitivity to LT or cytokine production, while greatly enhancing mortality, supports this (31, 32) . In fact, two LT susceptibility loci in addition to the macrophage susceptibility locus have been found in the DBA/2J strain (29) . The lack of ability of RU486 to sensitize DBA/2J mice to LT mortality beyond the level with vehicle is consistent with the lack of LT induction of CORT in this strain, since RU486 competes with the natural ligand (CORT) for binding to GR, and in the context of low CORT would have little effect. The data showing that LT mortality was significantly enhanced by pretreatment with sublethal doses of LT cannot be directly linked to GR function, since sensitization could be due to other effects of LT. However, these low doses of LT that noncompetitively block GR function may indicate that an optimal level of functional GRs is needed to protect against LT mortality. A second exposure to sublethal doses of LT in this context, causing sensitization similar to ADX, could possibly be due to the first dose of LT acting as a GR antagonist to block basal GR activity prior to secondary LT exposure. Investigation of the actual mechanism for sensitization of DBA/2J mice through low-dose LT treatment requires further study.
The finding that DEX treatment did not reverse or prevent mortality in ADX BALB/cJ mice in the presence of LT, a noncompetitive GR repressor, is consistent with LT inactivation of the receptor downstream of ligand binding. However, DEX enhancement of mortality suggests that interruption of the HPA axis by ADX and augmentation with DEX enhance mortality through different and independent mechanisms.
Exogenous DEX treatment could reduce the number or activity of GRs through negative feedback. Alternatively, DEX FIG. 4 . CORT induction by LT. CORT levels in sera collected 3 h after LT (100 g) or PBS injection. Results were similar for both cervical dislocation and CO 2 euthanasia methods and are presented as combined averages with standard deviations based on 10 (DBA/2J) and 12 (BALB/cJ) mice for each treatment.
FIG. 5. Sensitization of DBA/2J mice to toxin by multiple toxin treatments. Survival rates are shown for DBA/2J mice injected with 0 g (i.e., PBS alone), 25 g, or 50 g LT, followed by injection with a second dose of toxin at 12 h or 24 h, for a total combined injected dose of 100 g LT. Results are based on the following mouse numbers for each treatment: 12-h data, n ϭ 5; 24-h data, n ϭ 8; PBS only, n ϭ 4. LT-mediated GR repression was verified at the 25-g LT dose over 24 h (inset). Mice were injected i.p. with 100 g or 25 g of LT (LT 100 and LT 25), followed by i.p. injection of DEX (60 g/0.5 ml) after 24 h (n ϭ 3). Positive controls were injected i.p. (1.0 ml) with PBS, followed by DEX injection after 24 h (DEX). Negative controls were either injected with PBS alone (PBS) or left untreated (NT). TAT activity was measured 5 h after DEX injection. could exacerbate LT-mediated shutdown of MEK pathways through inhibition of p38 and other mitogen-activated protein kinase pathways, although the link between MEK shutdown and LT mortality is currently not known (10, 27) . Removal of protective (antiapoptotic) mechanisms through transrepression of NF-B and AP-1 by DEX may also lead to a morerapid death from the sequelae of MEK cleavage or other LT-mediated events (34) . Finally, GCs could affect vascular homeostasis and blood pressure and the outcome of LT-mediated vascular collapse through regulation of the epithelial sodium channel (ENaC) and other factors (5, 28, 47, 58) or through control of hypoxic responses (5, 23, 26, 39, 52) . Regardless of the mechanism, our findings show that excess GCs increase LT mortality. Indeed, it has been found with human patients that high doses and prolonged treatment of septic shock with GCs is detrimental to survival, and increased cortisol levels have been found in critically ill patients (13, 21, 43, 50) . ADX enhancement of mortality in both mouse strains suggests that GCs are not essential for LT-mediated lethality. ADX sensitization to LT-mediated vascular collapse may be related to loss of other adrenal factors, including vascular mediators, such as aldosterone, epinephrine and norepinephrine, that are essential to maintaining blood pressure in shock states (31) . Failure of ALDO replacement in reversing LT mortality suggests that additional factors are also involved.
In summary, we report here that both ADX and DEX treatment significantly enhance LT-induced mortality, likely by different mechanisms that remain to be determined. Clearly an optimal GC response is required to adequately protect against LT mortality. The finely tuned HPA response, easily shifted by many stimuli, including stress and infection, can alter susceptibility to LT. Thus, experiments carried out in different animal facilities with the same strain of mice may show strikingly different susceptibilities to LT, based on the previous or current activation state of the HPA axis. In fact, LT doses used in current studies to kill rodents (14, 31) are often significantly higher than those reported in the 1980s (17, 57) . This difference may be due to differential prior infection status rather than to toxin preparations, particularly since mice in the 1980s often had subclinical infections with agents that are now routinely diagnosed and eliminated from animal facilities. In these reports the toxin used in both old and new studies was prepared by the same protocol in the same lab, and testing these preparations in macrophage and mouse toxicity assays revealed no difference in potency (data not shown). Thus, in studies of anthrax and LT effects, especially when analyzing "resistant" and "sensitive" animals, it is crucial to be aware of the HPA activation state and previous stress exposure of experimental subjects. Accordingly, the findings presented in this study, if applicable to humans, have important implications for the role of host neuroendocrine responsiveness and treatments targeting these hormones in the course and outcome of LTmediated shock.
